CRISPR-Cas systems eliminate nucleic acid invaders in bacteria and archaea. The effector complex of the Type III-B Cmr system cleaves invader RNAs recognized by the CRISPR RNA (crRNA ) of the complex. Here we show that invader RNAs also activate the Cmr complex to cleave DNA. As has been observed for other Type III systems, Cmr eliminates plasmid invaders in Pyrococcus furiosus by a mechanism that depends on transcription of the crRNA target sequence within the plasmid. Notably, we found that the target RNA per se induces DNA cleavage by the Cmr complex in vitro. DNA cleavage activity does not depend on cleavage of the target RNA but notably does require the presence of a short sequence adjacent to the target sequence within the activating target RNA (rPAM [RNA protospacer-adjacent motif]). The activated complex does not require a target sequence (or a PAM) in the DNA substrate. Plasmid elimination by the P. furiosus Cmr system also does not require the Csx1 ( 
CRISPR-Cas systems eliminate nucleic acid invaders in bacteria and archaea by means of crRNA-guided nuclease effector complexes Barrangou and Marraffini 2014; van der Oost et al. 2014; Jackson and Wiedenheft 2015) . The CRISPR RNAs (crRNAs) include target recognition sequences captured from invaders and cached between the repeat elements of the CRISPR locus (Bolotin et al. 2005; Mojica et al. 2005; Pourcel et al. 2005) . crRNAs guide Cas proteins to identify and destroy corresponding invader nucleic acid.
There are multiple CRISPR-Cas systems comprised of distinct modules of Cas proteins that effect invader sequence acquisition, crRNA production, and invader destruction. The systems are classified into three broad types (Types I, II, and III), and each includes a signature superfamily protein (Cas3, Cas9, and Cas10, respectively) (Makarova et al. 2011) . The characterized Type I and Type II systems cleave DNAs complementary to the crRNA guide sequences (Jinek et al. 2012; Westra et al. 2012) . To prevent damage to the host genome (e.g., at the CRISPR where the invader sequences are cached), these systems depend on detection of a second signal to trigger cleavage activity; in addition to the sequence recognized by the crRNA, the Type I and II effector complexes require the presence of a short protospacer-adjacent motif (PAM) adjoining the target sequence in order to activate cleavage. The PAM sequence is found adjacent to the invader target sequences that these systems acquire but not in the CRISPR repeat sequence adjacent to the target sequence integrated in the host genome (Mojica et al. 2009; Shah et al. 2013) .
Interestingly, the Type III systems have been found to target RNA and DNA (Hale et al. 2009; Zhang et al. 2012; Deng et al. 2013; Staals et al. 2013; Tamulaitis et al. 2014; Samai et al. 2015) . In particular, the Type III-B Cmr complex from Pyrococcus furiosus cleaves target RNAs at 6-nucleotide (nt) intervals in the region of crRNA complementarity by means of a series of Cmr4 protein subunits that line the region of crRNA-target RNA base pairing (Hale et al. 2009 (Hale et al. , 2014 Benda et al. 2014; Ramia et al. 2014a; Osawa et al. 2015) . At the 5 ′ end of the crRNA, Cmr3 recognizes the common crRNA tag sequence (derived from the repeat sequence in the CRISPR), and, near the 3 ′ end of the crRNA, Cmr1 and Cmr6 function in target RNA capture (Spilman et al. 2013; Hale et al. 2014; Osawa et al. 2015) . The HD nuclease domain of the signature Cas10 superfamily protein Cmr2, also found at the 5 ′ end of the crRNA, is not required for RNA cleavage activity (Cocozaki et al. 2012; Spilman et al. 2013; Osawa et al. 2015) . Type III-A Csm systems have also been shown to target RNA (Staals et al. 2014; Tamulaitis et al. 2014; Samai et al. 2015) .
DNA silencing by the Type III-B Cmr (and Type III-A Csm) systems requires directional transcription of the invader DNA, which has been hypothesized to facilitate access of the crRNA to the target DNA strand (Deng et al. 2013; Goldberg et al. 2014 ). Csx1, an auxiliary protein associated with Cmr systems (Garrett et al. 2011; Makarova and Koonin 2013) , was additionally found to be necessary for plasmid elimination in Sulfolobus islandicus (Deng et al. 2013 ). In the Csm complex, the Palm domain of the Cas10 superfamily protein Csm1 has been shown to be critical for plasmid silencing (Hatoum-Aslan et al. 2014; Ramia et al. 2014b; Samai et al. 2015) . Rather than requiring a PAM sequence in the invader DNA to trigger specific destruction of the invader, it has been proposed that the characterized Type III systems are inhibited from cleaving the host genome CRISPR by the base-pairing potential between the CRISPR repeat sequence and the corresponding crRNA 5 ′ tag sequence (Marraffini and Sontheimer 2010; Deng et al. 2013) .
In this study, we investigate the mechanism of DNA silencing by the Cmr system in P. furiosus. Our results reveal a significant new paradigm for CRISPR-Cas silencing (illustrated in Fig. 6A , below): The Cmr complex is a DNA nuclease activated by the presence of an invader RNA containing the crRNA target sequence and a PAM (without a requirement for the crRNA target sequence and PAM in the DNA itself).
Results
The P. furiosus Type III-B Cmr system silences plasmid DNA in a transcription-dependent manner
The hyperthermophilic archaeon P. furiosus has three CRISPR-Cas systems: a Type III-B Cmr system as well as Type I-A Csa and Type I-G Cst systems (Supplemental Fig. S1 ). The effector complexes in P. furiosus use crRNAs produced from seven shared CRISPR loci (Majumdar et al. 2015) . Using deletion strains containing a single CRISPRCas system, we found that the P. furiosus Type I-A Csa and Type I-G Cst systems silence plasmid DNA invaders in a PAM-dependent manner (Elmore et al. 2015) . Here we examine the plasmid targeting capability of the P. furiosus Type III-B Cmr system. We generated and infected strains containing various combinations of CRISPR-Cas systems with plasmids containing either no target or a target sequence complementary to endogenous P. furiosus crRNA 7.01 (Fig. 1A) . The 7.01 target sequence was included in both orientations relative to the plasmid backbone with or without a constitutive promoter in order to assess the dependence of any observed silencing on transcription and crRNA complementarity (Fig. 1B) . Northern analysis confirmed expression of the "target RNA" (complementary to crRNA 7.01) (Fig. 1C, indicated by an asterisk) or the reverse complement of the target RNA (same sequence as crRNA 7.01) (Fig. 1D , indicated by an asterisk) from the respective constructs. The plasmid confers uracil prototrophy on P. furiosus, so successful infection of the plasmid would be observed as colony formation on selective media, and CRISPR-Cas defense would be observed as a reduction in colony formation (Fig. 1A) .
In addition to the wild-type P. furiosus strain with three CRISPR-Cas systems (Supplemental Fig. S1 ), we tested strains containing only the Cmr system (Cmr), lacking the Cmr system (ΔCmr), and lacking all CRISPR-Cas modules (null) (Fig. 1E) . Transformation with the plasmid lacking the target sequence resulted in the formation of 5.81 × 10 3 to 2.86 × 10 3 uracil prototroph colonies per 100 ng of plasmid DNA (Fig. 1E , wild-type and Cmr strains, respectively). The Csa and Cst CRISPR-Cas systems in P. furiosus provide orientation-independent and transcription-independent defense against plasmids with crRNA target sequences (Elmore et al. 2015) , and thus, as expected, the presence of a target sequence on the plasmid reduced colony formation to <1% of the negative control plasmid in both the wild-type strain and the ΔCmr strain (fewer than two uracil prototroph colonies per 100 ng of plasmid DNA) (Fig. 1E , wild-type [dark gray bars] and ΔCmr [light-gray bars]). In the absence of CRISPRCas defense, plasmids containing the target sequence are not silenced and produce colony numbers indistinguishable from the negative control plasmid (Fig. 1E , null, white bars).
Notably, the Cmr strain does not silence plasmids in which the target sequence is not transcribed (RNA: none [+] or none [−] ) or in which the transcribed RNA is not complementary to the crRNA (reverse complement of target); however, the Cmr strain effectively silences plasmids that transcribe a target RNA recognized by the crRNA (target RNA) (Fig. 1E , Cmr, blue bars). The results indicate that the P. furiosus Type III-B Cmr system performs transcription-dependent plasmid silencing.
The Type III-B Cmr system in P. furiosus recognizes a PAM in the invader (rather than repeat tag complementarity in the host) to distinguish invader from host Evidence indicates that the Type III-A Csm system does not target DNA (such as the host's own CRISPR locus) that has complementarity to the 5 ′ tag sequence of the crRNA adjacent to the crRNA target site (see Supplemental Fig. S2A , gray dashed line; Marraffini and Sontheimer 2010; Samai et al. 2015) , while Type I systems specifically target DNA (such as the invader DNA) that has a PAM sequence adjacent to the crRNA target site (see Fig. 2A ; Almendros et al. 2012; Fischer et al. 2012; Sinkunas et al. 2013; Westra et al. 2013; Plagens et al. 2014) . In order to determine the mechanism of host protection by the P. furiosus Cmr system, we challenged cells with plasmids possessing various sequences 3 ′ of the crRNA target site (where both tag complementarity and PAMs occur).
In Supplemental Figure S2 , we tested silencing of several transcribed 7.01 target plasmids containing varying degrees of complementarity to the P. furiosus crRNA 5 ′ tag sequence. Note that the Csa and Cst systems present in the ΔCmr strain (Supplemental Fig. S2 , light-gray bars) require a PAM sequence that is not present in any of the tested plasmids, so the plasmids were not silenced in the control strain containing these two systems (Supplemental Fig. S2B , ΔCmr, light-gray bars). In the Cmr strain (Supplemental Fig. S2B , blue bars), full complementarity of the plasmid sequence to the crRNA tag sequence conferred protection on the plasmid, resulting in colony formation similar to the control plasmid lacking crRNA target sequence (Supplemental Fig. S2B , variant 1 and no target). Moreover, in the absence of 5 ′ crRNA tag complementarity, the plasmid is not protected (Supplemental Fig. S2B, variant 9) . However, analysis of further variants suggests a specific role for the target site-proximal 3 nt of the flanking DNA. Three nucleotides of complementarity proximal to the crRNA target site protected the plasmid (Supplemental Fig. S2B , variant 6); however, modification of these three proximal nucleotides, even in the context of five remaining nucleotides of complementarity, resulted in loss of protection (Supplemental Fig. S2B , variant 10, see also variants 7 and 8), suggesting that the identity of these nucleotides may be more important than tag complementarity. Note that, as expected, plasmids silenced by the Cmr system in the Cmr strain were also silenced in the wild-type strain (Supplemental Fig. S2B , dark-gray bars).
To more clearly determine whether the host protection mechanism was complementarity-driven protection of the host or PAM-driven targeting of the invader and comprehensively delineate the Cmr system-flanking sequence requirement, we tested the complete series of variations in the proximal 3 nt of the 3 ′ adjacent region ( Fig. 2 ; Supplemental Fig. S3 ). The negative control plasmid (no target) produced an average of 4.34 × 10 3 and 4.06 × 10 3 uracil prototroph colonies per 100 ng of plasmid DNA in the wild-type and Cmr strains, respectively, as expected. We found that plasmids with various trinucleotide sequences completely lacking tag complementarity were not targeted in the Cmr (and wild-type) strain (e.g., TCC, ACC, and GCC) (Fig. 2B ), indicating that potential . All other lanes contain 10 µg of total RNA isolated from P. furiosus TPF20 strains bearing plasmids configured to express the indicated RNA. The primary product is indicated with an asterisk. Blots were also probed for 5S rRNA as a loading control. (E) Colonies produced by infection with five plasmids in wild-type (three endogenous CRISPR-Cas systems; dark gray), ΔCmr (lacking the Cmr system; medium gray), Cmr (Cmr only; blue), and null (no system; light gray) strains. The presence and orientation of crRNA 7.01 target sequence on the plasmids are indicated by an orange arrow above the graph and a dashed line or 7.01 below the graph. The presence of the promoter for target region transcription on the plasmid is indicated by a line arrow above the graph, and the presence of a target region transcript is indicated below the graph as a dashed line, "none," "target," and "rc of target." Colony numbers are plotted with the standard deviation in nine replicates indicated by error bars. targets are not simply protected by crRNA tag complementarity in this region. On the other hand, plasmids with a contiguous series of 32 trinucleotide sequences were effectively silenced in the Cmr (and wild-type) strain (>100-fold reduction in colony formation relative to negative control plasmid) ( To confirm the generality of these observations, we tested for targeting of plasmids by P. furiosus crRNAs 2.01 and 6.01 (Supplemental Fig. S4 ). As expected, plasmids containing the 2.01 or 6.01 target sequences were silenced when the plasmids included the PAMs identified by crRNA 7.01 targeting (GGG or AAA) and not non-PAM sequences (CCC or TTT) (Supplemental Fig. S4 ).
The results indicate that the P. furiosus Cmr system requires a PAM in addition to the crRNA target sequence in order to target DNA for silencing. Functional Cmr PAM sequences include NGN, NNG, and NAA (and NAC) (Fig. 2C ). The crRNA target sequences stored in the seven P. furiosus CRISPR loci do not contain a functional PAM in their adjacent CRISPR repeats (CTT). The range of PAM sequences recognized by the Cmr system in P. furiosus fully encompasses and significantly extends beyond the combined set recognized by the P. furiosus Type I-A Csa and Type I-G Cst systems (NGG, NGA, NAG, and HCG) (Elmore et al. 2015) . Our findings indicate that the Type III-B Cmr system in P. furiosus depends on a PAM sequence to activate silencing (rather than on complementarity to inhibit silencing) in order to protect against self-destruction at CRISPR loci.
Csx1 is not essential for transcription-dependent DNA silencing by the Type III-B Cmr system in P. furiosus Csx1 and Csm6 are CARF (CRISPR-associated Rossman fold) domain proteins often associated with Type III CRISPR-Cas systems, which were recently identified as important for transcription-dependent silencing by the S. islandicus Type III-B Cmr and Staphylococcus epidermidis Type III-A Csm systems, respectively (Deng et al. 2013; Goldberg et al. 2014; Hatoum-Aslan et al. 2014; Makarova et al. 2014) . P. furiosus harbors a csx1 gene within the Cmr module (Supplemental Fig. 1 ). To test whether Csx1 is required for P. furiosus Cmr transcription-dependent DNA silencing, we deleted csx1 in the Cmr strain (Cmr ΔCsx1). The csx1 deletion strain was infected with plasmids that produce 7.01 target RNA, its reverse complement, or no target RNA; however, we observed no change in plasmid silencing in the absence of Csx1 (Supplemental Fig. S5A ). We confirmed the absence of Csx1 in the deletion strain by Western analysis (Supplemental Fig. S5B ). The protein composition and RNA cleavage activity of immunopurified Cmr complexes were also not disrupted by deletion of csx1 (Supplemental Fig. S5C,D) . Furthermore, crRNA maturation and accumulation were not observably affected by the absence of Csx1 (Northern analysis) (data not shown). Our results indicate that Csx1 is not essential for Cmr crRNP formation, RNA cleavage activity, or, unlike Csx1/Csm6 in other characterized Type III systems (Deng et al. 2013; Goldberg et al. 2014; Hatoum-Aslan et al. 2014) , transcription-dependent plasmid silencing activity by the Cmr system in P. furiosus in our assay.
The Cmr2 protein cleaves ssDNA via its HD nuclease domain
Cmr2 is a member of the Cas10 superfamily-the signature protein family of the Type III CRISPR-Cas systems -with characteristic Palm and N-terminal HD nuclease domains (Makarova et al. 2011 ). Csm1, the Cas10 protein of the Type III-A Csm complex, is essential for plasmid elimination (Hatoum-Aslan et al. 2014 ) and has been shown to have 3 ′ -5 ′ ssDNA exonuclease activity via the Palm domain in S. epidermidis and ssDNA endonuclease activity via the HD domain in Thermococcus onnurineus (Ramia et al. 2014b; Jung et al. 2015) . Cmr2 is an essential component of the P. furiosus Cmr RNA targeting complex; however, the HD domain is not required for the RNA cleavage activity of the complex in vitro (Hale et al. 2009; Cocozaki et al. 2012 ). To test whether Cmr2 is a DNA nuclease, we incubated purified P. furiosus Cmr2 with linear ssDNA and dsDNA, a "bubble" dsDNA (having a ssDNA internal sequence), and circular ssDNA. Cmr2 efficiently cleaved linear 5 ′ radiolabeled ssDNA (Fig. 3A) but not dsDNA (Fig. 3B) . Cleavage of linear ssDNA by Cmr2 is metal-dependent: Cleavage was most efficient in the presence of Ni 2+ (included in assays shown in Fig. 3 , and blocked by addition of EDTA (Supplemental Fig. S6 ). Cmr2 also cleaves circular single-stranded M13 (ssM13) phage DNA (Fig. 3C ) and within the singlestranded region of a bubble DNA substrate (Fig. 3D) , revealing that Cmr2 can act endonucleolytically to cleave ssDNA.
Mutation of the HD domain active site abolishes the ssDNA cleavage activity of Cmr2 (alanine substitution of residues H13 and D14) (Fig. 3E, HD m ) . Mutation of the GGDD motif in the Palm domain has no effect on activity (alanine substitution of residues D673 and D674) (Fig. 3E , Palm m ). Additional assays indicate that deletion of the HD domain also abolishes ssDNA cleavage activity and that the HD domain alone is insufficient for ssDNA cleavage (data not shown).
Interestingly, the observed ssDNA nuclease activity of the Cmr2 protein is significantly attenuated within the Cmr crRNP complex. The reconstituted Cmr complex (including Cmr1-6 and crRNA) displays very little ssDNA nuclease activity in comparison with approximately equimolar concentrations of Cmr2 alone (Fig. 3F) . Our results indicate that Cmr2 is a latent DNA nuclease present within the Cmr effector complex.
Binding of a target RNA activates generic DNA cleavage activity of the Type III-B Cmr complex Plasmid targeting by the Cmr complex depends on directional transcription of the target region of the plasmid in vivo (Fig. 1) , suggesting that activity of the complex may depend on transcription-induced access to a ssDNA target site and/or on the RNA product of transcription of the target site. To test for stimulation of DNA cleavage activity by the target RNA, we assayed DNA cleavage in the presence of the 7.01 target RNA (complementary to the 7.01 crRNA guide region) or the reverse complement of the target RNA (Fig. 4) .
We found that the Cmr complex cleaves both ssDNA and dsDNA specifically upon addition of the target RNA (complementary to the crRNA guide sequence) (Fig. 4A ,B, Cmr crRNP, t lanes). Activity was not stimulated by the reverse complement of the target RNA (Fig. 4A , B, rc lanes). Notably, while stimulation of the complex is specifically dependent on the complementary target RNA (both in vivo and in vitro) (Figs. 1, 4) , cleavage by the complex is independent of complementarity of the DNA to the crRNA: dsDNA lacking the crRNA target sequence is also efficiently cleaved by the activated complex (dsDNA mutant target) (Fig. 4D , Cmr crRNP, t lane). Both strands of the dsDNA are cleaved (individual strands 5 ′ radiolabeled in Fig. 4B,C) . The ssDNA cleavage activity of the Cmr complex stimulated by the target RNA was greater than the ssDNA cleavage activity of an approximately equimolar concentration of Cmr2 alone (Fig. 4A) .
Cmr2 is the DNA nuclease of the target RNA-activated Cmr complex
The importance of Cmr2 nuclease activity in the observed dsDNA cleavage by the activated Cmr complex was determined using complexes reconstituted with Cmr2 active site mutants. As with the free Cmr2 protein, mutation (Fig. 4E,F) . The results indicate that Cmr2 mediates DNA cleavage by the Cmr complex. Furthermore, Cmr2 is inactive in the Cmr complex except in the presence of a target RNA complementary to the crRNA (Fig. 4A-D) .
To test the importance of Cmr2 in plasmid silencing in vivo, we generated P. furiosus Cmr strains with various Cmr2 mutations. Each strain was assayed for transcription-dependent plasmid silencing activity (using plasmids that produce 7.01 target RNA, its reverse complement, or no target RNA) (Fig. 5A) . While mutation of the HD domain abolishes DNA cleavage activity of the activated Cmr complex and the Cmr2 protein in vitro (Figs. 3,4) , deletion of the HD domain did not disrupt plasmid silencing in vivo (Fig. 5A, ΔHD) . Mutation of the Palm domain also did not disrupt silencing (Fig. 5A, Palm m ) . However, simultaneous mutation of both the Palm domain and the HD domain (either deletion or active site mutation) abolished Cmr plasmid silencing (Fig. 5A , ΔHD-Palm m and HD mPalm m ), suggesting that both the HD and Palm domains can mediate plasmid silencing in vivo. The silencing mediated by the HD and Palm domains in vivo was dependent on transcription of the target sequence (Fig. 5A, ΔHD and Palm m ), consistent with the requirement for the target RNA for DNA cleavage in vitro (Fig. 4) . The lack of DNA cleavage activity supported by the Palm domain in vitro (Fig. 4) suggests that an additional requirement for Palm domain activity is provided in vivo (which could be related to other aspects of transcription or numerous other differences). Analysis of complexes immunoprecipitated from each strain indicates that the Cmr2 mutations did not prevent formation of the Cmr effector complex (Fig. 5B) or target RNA cleavage by the Cmr complex (Fig. 5C) . The results indicate that Cmr2 plays an essential function in DNA cleavage activity of the Cmr complex that can be mediated by its Palm or HD nuclease domain in vivo.
Cleavage of the target RNA is not required for DNA cleavage
The Cmr complex cleaves complementary target RNAs in vitro and in vivo (Hale et al. 2009 . To determine whether target RNA cleavage is required to stimulate Cmr DNA cleavage activity, we disrupted RNA cleavage with a Cmr4 active site mutation. Cmr complexes containing either wild-type or mutant Cmr4 (RNA cleavage active site mutant D26N) were incubated with radiolabeled target RNA (complementary to crRNA guide sequence). Target RNA binding (assessed by native PAGE) was not affected by the Cmr4 mutations (Fig. 6B) , but target RNA cleavage was abolished (Fig. 6C) . To examine DNA cleavage activity, we incubated the Cmr complexes containing the Cmr4 mutant with the target RNA and radiolabeled dsDNA. The Cmr4 mutations had no observable effect on DNA cleavage activity of the complex (Fig.  6D) , indicating that Cmr DNA cleavage activity does not require cleavage of the target RNA.
A PAM sequence in the target RNA (rPAM) is required to activate the Type III-B Cmr complex DNA cleavage activity Many Type I and Type II CRISPR-Cas effector complexes depend on the bipartite PAM sequence/crRNA recognition sequence in the target DNA to activate target DNA ′ radiolabeled on the target (E) or nontarget (F ) strand. Graphical representations of substrates are shown with the 7.01 target (orange) and mutant 7.01 target (blue) sequences and radiolabeled strands (asterisks) indicated. Products were analyzed by denaturing PAGE. Decade marker RNA (M) were included for size estimations.
cleavage (Jinek et al. 2012; Westra et al. 2012; Sinkunas et al. 2013; Plagens et al. 2014 ). We identified a series of PAM sequences required in vivo for transcription-dependent plasmid silencing by the Cmr system ( Fig. 2 ; Supplemental Fig. S3 ). However, we found that the target RNA-activated Cmr complex does not depend on recognition of the crRNA target site in the target DNA (Fig. 4D) , suggesting that the identified PAM sequences may also not be recognized in the invader DNA.
As the PAM sequences are also found adjacent to the crRNA recognition site in the target RNAs in vivo, we tested the ability of target RNAs with and without identified PAMs (Fig. 2) to stimulate DNA cleavage. We found that target RNAs containing a PAM 3 ′ of the 7.01 crRNA recognition sequence (GGG and AAA) (see Fig. 6A ) effectively activated DNA cleavage, but, strikingly, RNAs lacking PAMs (CCC and UUU) did not (Fig. 6E) . Figure  6G shows the time course of DNA cleavage stimulated by a further series of target RNAs. Again, the target RNAs containing Cmr PAMs defined by in vivo plasmid silencing assays (Fig. 2 ) stimulated DNA cleavage (Fig.  6G , UGG, UGU, and UUG). RNAs lacking PAMs failed to activate DNA cleavage despite having the crRNA recognition sequence and, notably, despite the presence of an identified PAM and crRNA recognition sequence in the DNA substrate included in the assay (Fig. 6G [CUU, UCU, and UUC], E [CCC and UUU]).
DNA cleavage activity was only stimulated by target RNAs containing both the crRNA recognition sequence and a PAM (Fig. 6A) . RNAs with a GGG PAM but the reverse complement (rc-GGG) or a mutated version (mut-GGG) of the 7.01 crRNA recognition sequence failed to activate DNA cleavage (Fig. 6E ). Also consistent with our previous findings (Fig. 4D) , DNA cleavage stimulated by the 7.01-GGG and 7.01-AAA target RNAs is independent of a crRNA recognition site in the DNA: Cmr complexes activated by both target RNAs cleave DNA with and without the crRNA recognition sequence (Fig. 6E, F, respectively) .
Discussion
The findings presented here reveal novel mechanisms for CRISPR-Cas effector complex activation and invader specificity: The Cmr effector complex is activated to cleave DNA by RNAs that contain an rPAM sequence and crRNA target sequence (Fig. 6A) .
Transcription-dependent invader silencing: DNA nuclease activity is triggered by the target RNA Plasmid silencing by the Cmr system in P. furiosus requires transcription of the crRNA target region ( Fig. 1;  Supplemental Fig. S4 ). Invader silencing had also previously been observed to be transcription-dependent for the Type III-A Csm system in S. epidermidis (Goldberg et al. 2014 ) and the Type III-B Cmr system in S. islandicus (Deng et al. 2013) . A leading hypothesis is that transcription is important to allow access of the CRISPR-Cas DNA nuclease to the target DNA sequence; however, our findings indicate that the product of transcription, rather than the physical process of transcription, is essential for function. We found that exogenously supplied target RNA is sufficient to activate Cmr DNA nuclease activity in vitro (Figs. 4, 6 ). The S. epidermidis Csm crRNP was observed to nick target strand DNA in vitro when coupled with target transcription (Samai et al. 2015) . Notably, the Csm in vitro DNA-nicking activity and the previously observed in vivo invader silencing by both the Csm and Cmr systems (like the Cmr system in P. furiosus) ( Fig. 1; Supplemental Fig. S4 ; Deng et al. 2013; Goldberg et al. 2014 ) specifically require transcription of the target strand, consistent with a requirement for the target RNA product. Invader silencing likely involves a complex biochemical mechanism; our findings indicate that target RNA detection is one essential aspect. ′ end-labeled crRNA 7.01 target RNA. Products were analyzed by denaturing PAGE. Decade marker RNAs (M) were included for size estimations. Asterisks mark primary RNA cleavage products. Note that the top product migrates distinctly from the band in observed in preimmune sample in multiple experiments.
Invader RNA-activated DNA cleavage rPAM: Recognition of the PAM sequence in the target RNA licenses DNA cleavage CRISPR-Cas systems use mechanisms to distinguish invader targets from host CRISPR loci. To date, two mechanisms have been described: deactivation of the DNA nuclease by complementarity of the crRNA 5 ′ tag region with the potential CRISPR target for the Type III-A Csm system (see Supplemental Fig. S2 ; Marraffini and Sontheimer 2010) and requisite activation of the nuclease by a PAM sequence (in addition to the target sequence) in the invader DNA for Type I and II systems (see Fig. 2 ; Mojica et al. 2009; Shah et al. 2013) . Notably, we found that the Type III-B Cmr system in P. furiosus is activated by PAMs rather than deactivated by 5 ′ tag complementarity ( Fig. 2;  Supplemental Figs. S3, S4 ). Note that plasmids with the 5 ′ tag complementary sequence are not targeted, but neither are plasmids with many flanking sequences lacking 5 ′ tag complementarity; i.e., GCC ( Fig. 2; Supplemental Figs. S2,  S3 ). (Although there is no discernable pattern to suggest interaction between the crRNA tag sequence and non-PAM sequences, we cannot exclude a role for miscellaneous non-Watson-Crick interactions in function.) The PAM that activates the P. furiosus Cmr complex is very flexible, requiring only a single G (or two As) in one of two critical positions (Fig. 2) to induce silencing, and includes the PAM that was bioinformatically predicted (5 ′ -NGG-3 ′ ) for the CRISPR repeat sequence found in P. furiosus (Kunin et al. 2007; Mojica et al. 2009 ).
Remarkably, the DNA cleavage activity of the P. furiosus Cmr complex depends on the presence of the discriminating PAM sequence within the target RNA molecule. This contrasts the well-characterized Type I and II CRISPR-Cas systems, in which the PAM sequence is recognized in the DNA substrate (Jinek et al. 2012; Westra et al. 2012; Sinkunas et al. 2013; Rollins et al. 2015) . We expect that further analysis will reveal that other Type III systems use an rPAM to effect invader silencing. Based on the orientation of the target RNA by the crRNA within the Cmr complex (Spilman et al. 2013; Osawa et al. 2015) , we predict that Cmr2 and/or Cmr3 are involved in rPAM recognition (see Fig. 6 ). Electron microscopic studies of the architecturally similar Type I and Type III CRISPR-Cas complexes have demonstrated that interaction with a target DNA or RNA can effect concerted structural changes across multiple subunits of these effector ′ radiolabeled dsDNA containing the crRNA 7.01 target sequence, and products were analyzed by denaturing PAGE. (E-G) Analysis of RNA PAM (rPAM) sequences. Cmr crRNPs were incubated with target RNAs containing the indicated flanking sequences (as well as the crRNA 7.01 target sequence) and with 5 ′ radiolabeled dsDNA substrates containing the crRNA 7.01 target sequence (E,G, orange) or a mutated target sequence (F, blue). Products were analyzed by denaturing PAGE. For G, reactions were analyzed at 5, 15, and 60 min. Flanking sequences corresponding to PAMs (identified in vivo) are indicated in red. Graphical representations of substrates are shown with the 7.01 target (orange) and mutant 7.01 target (blue) sequences and the radiolabeled strands (asterisks) indicated.
complexes (Wiedenheft et al. 2011; Hochstrasser et al. 2014; Taylor et al. 2015) . Our findings indicate that bipartite recognition of an invader-both the crRNA target sequence and the discriminating PAM sequence within the invader RNA-activates DNA cleavage activity of the Type III-B CRISPR-Cas complex.
Target RNA cleavage by Type III complexes: possible role in the limitation of DNA nuclease activity Cleavage of invader RNAs (complementary to the crRNA) has been observed for numerous Type III systems (Hale et al. 2009; Zhang et al. 2012; Staals et al. 2013 Staals et al. , 2014 Tamulaitis et al. 2014; Samai et al. 2015) and, prior to detection of DNA nuclease activity, was thought to be the mechanism of invader resistance by Cmr systems. Indeed, RNA cleavage can silence RNA viruses (Tamulaitis et al. 2014) . DNA and RNA cleavage activities of the Type III CRISPR-Cas systems may function in parallel to eliminate DNA invaders and their transcripts.
Cleavage of the target RNA is not required for transcription-dependent DNA interference associated with Type III systems ( Fig. 6D ; Samai et al. 2015) . Nonetheless, RNA cleavage may play an important role in the regulation of the function of Type III DNA nucleases in vivo. As outlined below, cleavage of the target RNA may be important for deactivation or turnover of complexes activated by the target RNA, which will be an interesting area of future investigation.
Cmr2 is the DNA nuclease of the Type III-B CRISPR-Cas system
In this study, we determined that the Cas10 superfamily protein of the P. furiosus Cmr effector complex, Cmr2 (Makarova et al. 2011) , is a latent DNA endonuclease (Figs. 3, 4, 6 ). Our results revealed that the activity of Cmr2 is curbed in the context of the Cmr crRNP (Fig.  3F ) and indicate that it is activated by interaction of the complex with target RNAs containing rPAMs (Fig. 6) . Although other silencing mechanisms are possible, Cmr2-mediated DNA cleavage likely effects plasmid silencing by the Type III-B CRISPR-Cas system, which is target RNA transcription-dependent and PAM-dependent and was not observed when the HD and Palm domains of the Cmr2 nuclease were inactivated (Fig. 5) .
The Cas10 proteins of the Type III CRISPR-Cas systems are characterized by the presence of two Palm domains (one of which is typically predicted to be inactive) (Cocozaki et al. 2012 ) and often contain a fused HD nuclease domain (Makarova et al. 2006) . The evidence regarding the roles of the HD and Palm domains of Cas10 proteins in DNA targeting is complex.
Our findings indicate that both the Palm domain and the HD domain of Cmr2 can mediate silencing in the P. furiosus Type III-B Cmr complex. We found that mutation of the HD domain (but not the Palm domain) of Cmr2 disrupts cleavage of both DNA strands by the complex in vitro (Fig. 4) . While the Palm domain does not function in the in vitro assay, mutation of both domains is required to disrupt silencing in vivo (Fig. 5) , indicating that both domains can mediate silencing in vivo.
At the same time, current evidence implicates one or the other of the domains in Type III-A Csm systems from different organisms. For the Type III-A Csm1 protein from S. epidermidis, mutation of the Palm domain GGDD motif disrupts DNA cleavage by the complex (and by the isolated protein) in vitro (Ramia et al. 2014b; Samai et al. 2015) . (The HD domain mutant was not tested in Samai et al. 2015.) In addition, mutation of the Palm domain alone (and not of the HD domain alone) of S. epidermidis Csm1 disrupts silencing in vivo (Hatoum-Aslan et al. 2014) . However, mutation of the HD domain alone of T. onnurineus Csm1 disrupts DNA cleavage in vitro (Jung et al. 2015) . (The Palm domain mutant was not tested in Jung et al. 2015.) Cmr2 crystal structures indicate that both domains coordinate divalent metals in their active sites (Cocozaki et al. 2012; Osawa et al. 2015) . However, some Cas10 proteins appear to contain only one or the other of the two nuclease domains (Makarova et al. 2006; Vestergaard et al. 2014) . Collectively, the data suggest that either or both the Palm and HD domains of Cas10 superfamily nucleases may catalyze DNA cleavage within Type III CRISPRCas effector complexes.
Models for function of DNA nuclease in invader silencing by Type III-B Cmr systems
A DNA nuclease activity that does not require a crRNA target sequence within the DNA is a novel mechanism in CRISPR-Cas invader silencing that presents challenges in understanding its function. We propose two models to describe how the Cmr system may function in invader defense, in which the DNA nuclease acts locally in cis or more broadly in trans.
The DNA nuclease activity of the Cmr complex depends on the target RNA, and interaction with the nascent invader RNA may physically tether the nuclease and limit its activity to the invader DNA (illustrated in Fig. 7A ). Regulation of the DNA nuclease activity by cleavage of the target RNA could further function to limit nuclease activity to the invader DNA. For example, cleavage of the target RNA may terminate the activity of the DNA nuclease as it drifts away from the site of transcription (illustrated in Fig. 7B ). Consistent with this model, disruption of target RNA cleavage by the S. epidermidis Csm complex results in a hyperactive DNA silencing activity phenotype in vivo (Samai et al. 2015) .
Alternatively, the Cmr system may act as a sophisticated abortive infection system that, when activated by invader RNA, destroys host cell DNA to curb the spread of the infection: the altruistic sacrifice of the individual cell for the benefit of the population. Such an immune response would be analogous to bacterial abortive infection systems (Labrie et al. 2010; Samson et al. 2013) or the hypersensitive response in plants (Spoel and Dong 2012) . For a CRISPR-Cas immune system, this mode of action (destruction of the cell in which the system is activated) might be expected to eliminate the relevant CRISPR-acquired invader targeting sequence from the population, which might be an acceptable cost for survival of the population. However, notably, Cmr systems are rarely found in the absence of another CRISPR-Cas system (Haft et al. 2005 ) that may act as the first line of defense and, when successful, preserve the invader-directed spacer for rapid elimination of infection in future generations. The Cmr system may be activated, and the cell may be eliminated, when infection progresses to the point where invader sequence transcription is rampant.
Materials and methods

Strains and growth conditions
The strains and plasmids used in this study are listed in Supplemental Table S1 . P. furiosus strains were grown under strict anaerobic conditions at 90°C in defined medium or complex medium (cell extract preparation only). Cultures and media were prepared as described previously (Lipscomb et al. 2011) , with medium pH adjusted to ∼6.5. Cultures were inoculated with 1%-2% inoculum or a single colony and grown anaerobically. Medium was supplemented with 20 µM uracil and/or 2.75 mM 5-FOA as needed for selection.
Escherichia coli strains TOP10 and BL21-CodonPlus(DE3)-RIPL were used for plasmid DNA manipulation and protein expression, respectively. Cultures were grown at 37°C or 25°C in Luria broth (Millers) or Terrific broth supplemented with 50 µg/mL apramycin sulfate, 50 µg/mL kanamycin sulfate, or 100 µg/mL ampicillin.
Northern analysis
Northern analysis was carried out as previously described (Hale et al. 2008) . Following initial probing, membranes were reprobed for the 5S rRNA loading control. The probe sequences used are listed in Supplemental Table S2 .
General DNA manipulation and target plasmid construction
Plasmids were isolated from Top10 with QIAprep Spin Miniprep (Qiagen) for routine analysis and Zyppy Plasmid Maxiprep kit (Zymo Research) for plasmid construction and assays. Plasmids were isopropanol-precipitated following initial isolation. Phusion polymerase (New England Biolabs) was used for all PCR cloning. P. furiosus gDNA was isolated from 1-mL overnight cultures with Zymo Quick gDNA kit (Zymo Research).
The expression cassette in pJE47 was constructed by amplifying the Pcsg promoter and ChiA terminator of pLC64-ChiA. Products were spliced by SOE-PCR and cloned into NotI/EcoRV sites of pJFW18 (Farkas et al. 2011) .
Plasmids pJE65-85, pJE275-276, pJE294, and pJE299-306 were generated by ligation of annealed 5 ′ phosphorylated oligos with NdeI/BamHI-linearized pJE47. Plasmids pJE186-249 were constructed by a combination of two methods. The majority of the plasmid inserts was constructed by extension of 701_NNN_ F, containing degenerate PAM nucleotides, with primer 701_ NNN_R. The remainder was generated with annealed oligos. Products were cloned into NdeI/BamHI sites of pJE47. Plasmids pJE271/272 were constructed by NotI/NdeI digestion of pJE65/ 66 (respectively) to remove the Pcsg promoter and treated with Quick Blunting kit (New England Biolabs). Oligo sequences are listed in Supplemental Table S2 , with "+" oligos annealed with cognate "−" oligos to generate inserts. P. furiosus strain construction P. furiosus strains were constructed using a variant of the previously described pop-in/pop-out marker replacement technique (Supplemental Fig. 7 ; Lipscomb et al. 2011; Farkas et al. 2012) .
Plasmid transformation assay in P. furiosus Incubations were performed anaerobically at 90°C with defined P. furiosus medium. Liquid cultures were grown to mid to late log phase, and 33.3 μL of culture was mixed with 66.7 ng of plasmid DNA (in 1.66 μL) and incubated briefly (5-60 min) at room temperature during plating. The mixtures were spread on solid defined medium and incubated for ∼64 h. Following incubation, colonies per plate were enumerated. All assays were carried out with a minimum of three replicates.
P. furiosus cell extract preparation and coimmunoprecipitation (co-IP) reactions
Cultures were grown to late log phase, harvested by centrifugation, and weighed. Lysis buffer (50 mM Tris-Cl at pH 8, IgY antibodies previously raised against recombinant Cmr2 were used for co-IPs. Co-IPs were carried out as previously described ) with the following modifications: Each immunoprecipitation (30 µL of resin) used S20 cell extract containing 2 mg of protein. UltraLink hydrazide (Pierce) resin was used for silver stain analysis of immunoprecipitations, and anti-IgY agarose resin (Gallus Immunotech) was used for RNA cleavage assays.
Co-IP RNA cleavage activity assays
Co-IP RNA cleavage assays were carried out as described ).
Co-IP silver staining
Co-IP samples (30 µL resin) were resuspended in 60 µL of nonreducing Laemmli buffer and heated for 5 min at 60°C to elute samples from UltraLink beads. An equal fraction of each elution (onehalf of a co-IP) was separated on 11% SDS-polyacrylamide gels, and subjected to silver staining.
Protein expression and purification
Cmr2 mutants HD m (H13A, D14A) and Palm m (D673A, D674A) were generated by PCR mutagenesis (primers in Supplemental Table S2 ). Expression and purification of both recombinant wild type and mutants, including Cmr4-D26N (Ramia et al. 2014a ), was performed as described (Hale et al. 2009 (Hale et al. , 2014 with the following modifications: Cells were lysed, and protein was purified in buffer containing 40 mM Tris-Cl (pH 7.5), 500 mM NaCl, and 0.2 mM PMSF. Purified proteins were dialyzed into 40 mM TrisCl (pH 7.5) and 500 mM NaCl and quantified by Qubit assay (Life Technologies).
Preparation of DNA and RNA substrates DNA oligos were purchased from IDT (DNA 1) (Supplemental Fig. S6 ) or Operon (all others). RNAs for in vitro Cmr crRNP formation (45-mer 7.01 crRNA) or cleavage assay substrate (37-mer 7.01 target RNA) were purchased from IDT. DNA and RNA substrates used in cleavage assays were 5 ′ end labeled with 32 P using T4 polynucleotide kinase (New England Biolabs). Annealing 5 ′ radiolabeled DNA oligos with 2× molar excess of gel-purified, unlabeled oligos generated radiolabeled dsDNA substrates. To form a bubble substrate, oligos 2397 and 3124 (Supplemental Table S2 ) were annealed for Cmr2 assays (Fig. 3) . Annealing oligos 2397 and 2398 (7.01 target) or 2765 and 2766 (mutant nontarget) generated full-length dsDNA substrates. All substrates were gelpurified prior to use on nondenaturing (dsDNA) or denaturing (ssDNA/RNA) PAGE.
Cmr complex assembly and in vitro Cmr2/Cmr complex assays Cmr complex (Cmr1-6 + crRNA) assembly was performed as described (Hale et al. 2009 (Hale et al. , 2014 with modifications. The reconstitution buffer used was 20 mM Tris-Cl (pH 7.5 at 25°C), 250 mM NaCl, 10% glycerol, 2.5 mM MgCl 2 , and 200 µM NiCl 2 ; the protein concentrations were 500 nM with the exception of 50 nM Cmr2, and the crRNA concentration was 50 nM.
Assays were performed with either Cmr2 or assembled Cmr complex. All samples were preincubated in reconstitution buffer (-crRNA for Cmr2 alone) prior to the addition of substrates. Cleavage reactions were initiated by addition of either 5000 cpm (∼0.05 pmol) 5 ′ radiolabeled DNA/RNA or 0.21 pmol of M13 circular ssDNA (New England Biolabs). Unless otherwise indicated, substrates were incubated with 500 nM (Fig. 3) or 50 nM (Fig. 4) Cmr2 or ∼50 nM Cmr complex (Figs. 4, 6 ). Unless indicated, assays were incubated for 1 h at 70°C. Following incubation (cleavage assays), reactions were treated with proteinase K (New England Biolabs) for 15 min at 37°C, denatured in gel loading buffer II (ThermoFisher) at 95°C, and separated on either 15% TBE-UREA PAGE or 0.7% TAE-agarose. For target binding, following 70°C incubation, half of the reaction was separated on 6% TBE-PAGE with 4% glycerol. Agarose gels were visualized by SYBR Gold (Thermofisher) stain. PAGE gels were dried and imaged by phosphorimaging.
The substrates (asterisks indicate labeled oligos) used for Figures 3 , 4, 6 were as follows: oligo * 2397 in Figure 3 , A, E, and F; annealed * 2397/2398 in Figure 3B ; M13 in Figure 3C ; annealed * 2397/3124 in Figure 3D ; * 2397 in Figure 4A ; * 2397/2398 in Fig Figure 6 , B and C; * 2397/2398 in Figure 6 , D, E, and G; and * 2765/2766 in Figure 6F . Assay-specific details are as follows: Figure 3F assays used 50, 100, or 200 nM Cmr2 or assembled Cmr2 complex as indicated. For RNA target-dependent DNA cleavage assays (Figs. 4, 6 ), following preincubation, 22.5 nM of target RNA was added immediately before DNA substrates.
In vitro transcription (IVT) of target RNAs
Target RNAs were generated using MEGAshortscript T7 kit (ThermoFisher) with PCR templates. Products were gel-purified and quantified by Qubit analysis (ThermoFisher). IVT templates for Figures 4 and 6C target RNAs were made by PCR of the annealed oligos 2397/2398 with primers 3110/3112 (t) or 3115/ 3114 (rc). For Figure 6E -G IVT templates, target plasmids were amplified with primers 2798/2801. Plasmids pJE65 (GGG), pJE66 (rc-GGG), pJE67 (AAA), pJE69 (CCC), pJE71 (UUU), pJE294 (mut-GGG), pJE201 (UGG), pJE189 (UUG), pJE198 (UGU), pJE202 (CUU), pJE190 (UCU), and pJE187 (UUC) were used as PCR templates.
